Abstract Thermoelectrics is an energy conversion technology from heat into electricity, and vice versa, through the thermoelectric phenomena in solids, while photovoltaics is an energy conversion technology from solar photon energy into electricity using the photo-excitations in solids. We are trying to find a way to combine thermoelectrics with photovoltaics to establish a new method to generate renewable energy with high efficiency. In this article, we show two approaches for this purpose using oxide materials: thermoelectric energy conversion by photo-excited carriers and the thermoelectric power generation using a focused light as a heat source.
Introduction
No one can deny that our modern society is based on vast consumption of electric/chemical energies. Since all the developing countries have the right to enjoy life as comfortable as the advanced countries do, energy demands are increasing year by year in spite of serious shortage of petroleum. Thus, a search for sufficient energy resources is a responsibility of researchers in all areas of science and technology. Best energy resources are of no doubt renewable energies, which preliminarily come from the solar energy.
The energy conversion technique using the solar energy is classified into two; The one is photovoltaics in which an electron-hole pair created by an incident photon is separated by an internal electric field at the p-n junction [27] . This technology is now commercially available as solar battery cells. The other is solar-thermal energy conversion, where heat generated by focused sunlight vaporizes water to rotate a gas turbine [34] . Although these two techniques are matured, there remain issues to be addressed. In photovoltaics, the conversion efficiency is close to a theoretical limit, and raw materials of silicon of high quality are about to run out. Of course alternative materials are being developed, but the cost and natural abundance are still issues. In the case of solar-thermal conversion, the conversion efficiency is not satisfactory except for some areas around the equators.
We have studied thermoelectric energy conversion using oxide materials, which are superior at high temperatures in air [9, 13] . A serious drawback of thermoelectrics is poor efficiency [28] . A good thermoelectric material requires high electrical conductivity, large Seebeck coefficient, and low thermal conductivity at the same time, which is very difficult to be realized in real materials. In fact, reliable calculations of materials parameters do not give promising results. Since such calculations are done near equilibrium states, we hope that the thermoelectric performance may go beyond theoretical limitations in non-equilibrium states [40, 41] . As such, we are trying to find ways to break through the poor efficiency by focusing non-equilibrium states. In this article, we show our preliminary results for two types of photo-excited thermoelectrics. One is the thermoelectrics using the photo-Seebeck effects (Fig. 1a) , and the other is the thermoelectric energy conversion in a large temperature gradient using solar light as a heat source (Fig. 1b) . One may associate the two with photovoltaic and solar-thermal energy conversions.
To emphasize our originality, we will briefly summarize the preceding works. The photo-Seebeck effect was first reported by Tauc [31] in 1955, and was later examined in conventional semiconductors [7, 15] . Note that the word ''photo-thermoelectric'' is confusing; it stood for the photoSeebeck effect before the 80s, but is now used as photothermal energy conversion through the Seebeck effect (for example, see [2, 12] ). To our knowledge, our work is the first trial for the thermoelectric energy conversion using the photo-Seebeck effect. In contrast, the second trial shown in Fig. 1b has been examined by many groups. Originally Telkes [32] examined the concept of solar thermoelectric generator in 1954. Naito et al.
[18] designed a power converter using concentrated solar light and achieved a high temperature of 2,200 K in vacuum. Suter et al. [30] fabricated the solar thermoelectric generator and analyzed the efficiency and the maximum power. Fan et al. [3] reported an efficiency of 3 % using commercially available Peltier modules. Thus, our originality lies on the fact that our device is made of single crystals of transition metal oxide, which can work at 800 K in air.
Photo-Seebeck effect in oxide single crystals
Although the first observation of the photo-Seebeck effect was reported in the mid 50s [31] , there have been very few reports on the photo-Seebeck measurements since the 80s. Thus, we had to newly establish measurement procedure with recently available equipments such as a light-emitting diode (LED). Here, we elaborate on the measurement and analysis details for the photo-Seebeck coefficient, which was not included in the published papers [17, 20] .
Commercially available substrates were used as ZnO single crystals, and flux method was employed for making single crystals of PbO. The photoconductivity of ZnO and PbO single crystals was measured with a two-probe method. The thermoelectric voltage of ZnO was measured with two-probe technique with several temperature difference and several photon intensities [20] . The resistance of PbO was too high to use the same measurement setup as in the case of ZnO. Instead, the thermoelectric current was measured with several temperature difference and several photon intensities [17] .
The photo-Seebeck effect is a change in the Seebeck coefficient with light illumination, which can be evaluated by comparing the thermoelectric voltage before and after illumination. However, the light illumination affects various properties at the same time; It causes the photovoltaic voltage at the contacts, increases the sample temperature, and changes the temperature difference. To be more quantitative, the measured thermoelectric voltage V TE can be expressed by temperature difference DT at dark as
where S is the Seebeck coefficient at dark and V 0 is the offset voltage. When illuminated, the voltage can be written as
where dS is the photo-induced change in the Seebeck coefficient. dT and dV 0 are the photo-induced temperature difference and photovoltaic component, respectively. Note that we measured the voltage in a cryostat (Quantum Design PPMS), where the sample temperature was strictly controlled.
The best way to measure the photo-Seebeck coefficient is to measure V TE as a function of DT þ dT. When V TE is found to be a linear function of DT þ dT, the photo-Seebeck coefficient of S þ dS and the photovoltaic component V 0 þ dV 0 are evaluated from the slope and the intercept, respectively. Figure 2 shows a typical example for the thermoelectric voltage with various photon intensities. The value of I LED represents the input current to an LED of 365 nm and 0 mA corresponds to the dark state. As is clearly shown, the slope systematically decreases with increasing I LED , which means that the Seebeck coefficient decreases in magnitude with light illumination. This is reasonable because the light illumination generates carriers in the sample (photo-doping). Note that the intercept also changes with I LED , which indicates a significant photovoltaic component induced by light illumination. We further comment that the temperature difference changes with I LED . This implies that the absorbed photon is converted into heat, and the heat flows through the sample to the heat bath. If the heat flow is completely homogeneous, the temperature Fig. 1 Schematics of (a) power generation using photo-Seebeck effect and (b) power generation from focused light difference will be unchanged. Owing to unwanted asymmetry, a finite value of dT is observed.
In the case of PbO, the sample resistance is too high to measure V TE because of the huge Johnson-Nyquist noise. Instead, the thermoelectric current I TE was measured with a pico/femto-ampere meter as a function of temperature difference expressed by
where R is the sample resistance at dark and dR is the photo-resistance of the sample. Thus, if the photo-resistance is measured in different runs, the thermoelectric voltage is evaluated as ðR À dRÞI TE . When ðR À dRÞI TE is a linear function of DT þ dT, the photo-Seebeck coefficient is evaluated from the slope. Figure 3 shows a typical experimental result in a PbO single crystal. The thermoelectric current I TE is measured as a function of DT in Fig. 3a . With increasing I LED , the slope increases rapidly, which is mainly determined by photoconduction. Figure 3b is the thermoelectric voltage plotted as a function of temperature difference, where the slope slightly changes with I LED , indicating photo-Seebeck effect in this oxide. Similarly to ZnO, the results in Fig. 3 can be understood in terms of photo-doping. The type of the carrier is hole in PbO, whereas it is electron in ZnO. It should be noted that chemical doping is quite difficult in PbO, and that light illumination is an effective tool for carrier doping in PbO.
After a phenomenological analysis based on the twolayer model, we have obtained the intrinsic photo-Seebeck coefficient and the intrinsic values of photo-doped carrier density [17, 20] . We find a maximum value for the photodoped electron density is of the order of 10 19 cm À3 , which is nearly the same value of the optimally doped thermoelectric semiconductors [28] . Thus, we can conclude that the ultraviolet LED can be an alternative carrier source. In the case of PbO, a maximum value is of the order of 10 18 cm À3 , one-order of magnitude smaller than in the case of ZnO.
Thermoelectric uni-couple made of single-crystal oxides
Since the discovery of good thermoelectric properties in the layered cobalt oxide Na x CoO 2 [33] , oxide thermoelectrics has been explored extensively. The layered cobalt oxides are now ready to be applied for thermoelectric power generation, and a prototype power generator is now commercially available at a venture company [1] . All the layered cobalt oxides show good thermoelectric performance at high temperatures. Above 700 K, the thermoelectric performance exceeds a qualifying value (the dimensionless figure of merit larger than unity) in singlecrystal samples [5, 6, 25] , while it remains a somewhat lower value in ceramic samples [11, 19, 37, 39] . Thus, a device using single crystals is expected to show a better performance than ceramic samples.
We have made a trial device of a uni-couple consisting of single-crystal Bi 2 Sr 2 Co 2 O y (p-type) and single-crystal CaMnO 3 (n-type). Single crystals were grown through a floating-zone technique, and the p-n junction was made for n-type. The current-voltage characteristics were measured with a home-made characterization system. A focused halogen light was used as a heat source, and three platinum resistance thermometers were attached at the ends of the device (one at the hot junction and the other two at the cold edges). Figure 4 shows a photographic image of our measurement setup. The device supported on a machinable ceramic plate is set at the focal point of the halogen lamp. Figure 5 shows typical power curves of the singlecrystal uni-couple. Since the device design is not yet optimized, the maximum power output is only 1.5 mW. Although both p-and n-legs are made of single crystals, the thermoelectric properties are not yet optimized either. In addition, this measurement includes the contact resistance and circuit resistance, which underestimates the power output.
Let us compare the device performance with other oxide devices. Table 1 lists the oxide device performance reported so far. The materials, the operating temperature difference DT, and the number of pairs N are different from one to another. The maximum output per pair P p in our device is comparable with some devices.
One characteristic feature of this device is that a large temperature difference is generated across the sample. Figure 6a shows the hot-side temperature T H and the coldside temperature T C of the uni-couple plotted as a function of the input voltage of the halogen lamp V light . With increasing V light , T H increases monotonically, while the two T C 's almost stay near room temperature. At a maximum voltage of 14 V, the temperature difference reaches 500 K.
Since the device length is approximately 1 cm, the temperature gradient reaches a large value of 500 K/cm by aircooling without blower.
Owing to the large temperature difference, thermoelectric parameters change within the device though their temperature dependence. Snyder and Ursell [29] have found the exact expression for the conversion efficiency that is valid even in such conditions. Surprisingly, the efficiency is determined only by the values at the high and The number of pairs N, the temperature difference DT, the opencircuit voltage V oc , and the maximum power P max are listed. The maximum power per pair P p ¼ P max =N is also listed low temperature edges of the device. A concrete form of the expression is given by
where the subscripts of H and C represent the values at the hot and cold edges. The quantity of u j=jrT is called the relative current density, which is the ratio of the electrical current density to the heat flux density by thermal conduction. The temperatures (T H and T C ) at the cold and hot edges were monitored in the power curve measurements. The Seebeck coefficients (S H and S C ) at the cold and hot edges were known by measuring the Seebeck coefficients of pand n-type crystals in advance. To calculate the relative current density, the resistivity and the thermal conductivity are necessary. The resistivity values were measured for the prepared crystals, and the thermal conductivity data were taken from the literature [4, 24] . Figure 6b shows the conversion efficiency plotted as a function of V light . The maximum efficiency is a reasonably large value of 1.4 % in spite of the fact that all the conditions were far from ideal. The present measurement is a first step for this kind of thermoelectric power generator, and we notice many issues to improve the device performance. Kraemer et al. [14] have reported an efficiency of 4.6 % in a solar thermoelectric generators using Bi 2 Te 3 -based device. Although the device concept is completely different from our device, we preliminarily obtained a similar efficiency in another modified uni-couple (not shown).
An advantage of oxide device is seen in the smooth evolution of the power curves in Fig. 5 . This implies that the device resistance is almost constant from 300 to 800 K, and the device is sufficiently stable at 800 K in air. Considering that the surface temperature at the focal point on the device is much higher, we think that this experiment demonstrates the high-temperature stability of oxide devise in air.
We are considering a possibility to use this type of device to the black-body radiation from high-temperature furnace. Recalling that the sun is a black body of 6,000 K, we can use black-body radiation from other hot sources as well. For example, a black body of 1,000 K will give a large photon flux of 57 kW/m 2 , being 50 times larger than that of the sun. Heat is difficult to control; It is hardly stored, transported or accumulated at our disposal, but electromagnetic wave can be done so.
Summary and future prospects
In this article, we have reported our attempts to find a better thermoelectric power generation using light. One approach is the thermoelectrics using the photo-Seebeck effect. We have shown the n-type photo-Seebeck effect in ZnO and the p-type one in PbO. Although the thermoelectric energy conversion is not yet done, the photo-doping gives reasonably good thermoelectric parameters. The second approach is the thermoelectric energy conversion using focused light as a heat source. The device structure and thermoelectric materials are not yet optimized, and the efficiency is 1.4 % at the present stage. Nevertheless, we have successfully shown the high-temperature stability of the oxide device, and also shown that the oxide thermoelectric uni-couple can be made from single crystals. The former approach uses ultraviolet light for a doping tool, while the latter uses infrared light as a heat source. Since these two lights are not used in Si-based solar cells, our two approaches can live with solar cells to increase the total energy conversion efficiency. Actually, Park et al. [22] and Wang et al. [38] already have combined an existing photovoltaic cell with a thermoelectric module. We look forward to developing a new device making full use of solar energy by combining photovoltaics with thermoelectrics, even though we cannot see the concrete shape at the moment. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
